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This study examines the familial clustering and relative influence of genetic and environmental effects on postterm birth in the Swedish population by considering all full-and half-siblings born in Sweden between 1992 and . Of the eligible 475,429 births, 21% occurred after 41 completed weeks and 5.5% occurred after 42 completed weeks of gestation. Odds of postterm birth increased if mothers were older, heavier, more educated, primiparous, or carrying a male fetus. The highest odds increase was seen in women with a previous postterm birth, both with the same partner (odds ratio = 4.4, 95% confidence interval: 4.0, 4.6) and after a partner change (odds ratio = 3.4, 95% confidence interval: 2.9, 3.9). Sisters of women with a postterm birth were also at increased odds of postterm birth (odds ratio = 1.8, 95% confidence interval: 1.6, 2.0) while brothers' partners were not. Half of the variation in postterm birth could not be explained by factors shared in families, and the remaining half was explained by genetic factors, namely fetal (26%) and maternal (21%) genetic factors. Familial clustering of postterm birth is attributed to genetic effects, and fetal genetic effects have a considerable influence on the liability of postterm birth.
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According to the World Health Organization, pregnancies that extend beyond 293 days (counting from the first day of the last menstrual period) are considered prolonged, resulting in postterm birth (1) . Rates based on all fetuses at risk show that perinatal mortality increases throughout gestation and that it increases markedly beyond week 39 (2) . Compared with births at term (between 37 and 41 weeks), postterm births involve greater risk of complications for both the newborn (e.g., meconium aspiration, fetal distress, traumatic injury) and the mother (e.g., postpartum hemorrhage, dystocia, cesarean delivery) (3) . To avoid adverse outcomes, clinicians commonly practice routine induction and/or close monitoring from week 41. Consequently, the rate of occurrence of postterm birth varies according to clinical practice and has been reported in a study of 13 European countries as ranging from 0.4% of all pregnancies in Austria and Belgium to 7% in Sweden and Denmark (4) . The etiology of postterm birth is largely unknown, but women of increased age, those with higher body mass index (measured and defined as weight (kg)/height (m) 2 ), those experiencing a first birth (5, 6) , and those carrying a male fetus (7) have been identified as being at higher risk. A history of previous postterm birth is considered to be predictive of a subsequent postterm birth, and there is also an increased risk of postterm birth for women whose mothers had a postterm birth (8) (9) (10) (11) . Decreasing risk of recurrence of postterm birth in mothers who change partners indicates a paternal influence on postterm birth (9) . The genetic influence on the risk of postterm birth has been estimated to be 30% in a twin study, and because a greater concordance in monozygotic compared with dizygotic twins was seen only in women, the genetic influence was largely attributed to the mother (12) . In contrast, a parent-offspring study of births recorded in the Norwegian Birth Register as occurring between 35 and 44 completed weeks attributed the variation in gestational length to genetic influences from both mother (14%) and fetus (11%), with an additional 13% explained by shared environment (13) .
Making use of national register data on births and familial relationships, we aimed to study the liability to repeat postterm birth in the Swedish population. To improve the understanding of familial clustering of postterm birth, we assessed whether potential clustering could be explained by familial sharing of previously proposed risk factors before quantifying the genetic and environmental contributions to postterm birth.
MATERIALS AND METHODS
Parent-offspring relations were identified in the Swedish Multi-Generation Register and linked to information in the Swedish Medical Birth Register. The Multi-Generation Register is constructed around "index persons" and includes parental information through which family structures can be traced. All persons born in Sweden since 1932 and registered as residents of Sweden from 1961 onward are included as index persons in the register (14) . The Medical Birth Register contains information on all births in Sweden since 1973, covering 96%-99% of all births occurring during the study period (15) . In addition to characteristics of the newborn (e.g., anthropometric measures, Apgar scores), baseline characteristics of the mother (e.g., height, prepregnancy weight, previous illnesses, smoking, and alcohol use) are also included in the register. Information on the highest attained level of maternal education was retrieved from the education register of the administrative agency, Statistics Sweden (16) . Onset of delivery is routinely classified into the following categories by the midwives who assist women during labor and delivery in Sweden: spontaneous, induced vaginal, or cesarean delivery. Since 1990, all women in Sweden have been offered screening ultrasonography and more than 95% accept this examination, which is performed between weeks 16 and 20 or earlier (17) . Most pregnancies included in this study were thus dated by ultrasonography, with remaining cases dated on the basis of the first day of the last menstrual period. Postterm births were identified on the basis of the World Health Organization's definition of births occurring after 42 completed weeks (>42 + 0) as well as a less conservative cutoff of after 41 completed weeks (>41 + 0). Finally, analysis of family linkage requires the pregnancy to have ended in livebirth; hence, all results and references to postterm birth will refer to livebirths only.
Study population
We first identified all men and women who had at least 2 livebirths with the same partner in Sweden between 1992 and 2004 and their full siblings who fulfilled the same criterion. We selected at random 1 sibling pair per family and included the first 2 births per sibling, resulting in 358,420 births (representing full siblings and their first cousins). For individuals who had children with more than 1 partner, the first 2 births with separate fathers (or mothers) were selected, yielding 54,810 births with the same father but different mothers and 62,688 births with the same mother but different fathers (representing half-siblings). Subjects were allowed to contribute to each group (same partner and/or different partner) only once. The complete sample thus contained 475,918 births. The choice of birth cohort was determined mainly by the availability and quality of data (ultrasonographic dating of pregnancy from 1990 and recording of prepregnancy weight from 1992). Further information on gestational age was recorded for 475,429 births, and 399,884 birth records included information on all covariates considered. Though the data were almost complete for most covariates, 72,394 (15.2%) lacked information on the mother's prepregnancy body mass index.
We considered 3 types of family relationship in the offspring generation: full siblings, half-siblings, and cousins, as illustrated in Figure 1 . Full-and half-siblings represent 3 532 Oberg et al.
unique within-person patterns in the parental generation: intact couples, mothers with new partner, and fathers with new partner. Cousins also represent 3 unique within-sibling relations in the parental generation, being related as sisters, brothers, or sister-brother pairs.
Statistical analyses
Familial clustering of postterm birth was modeled with alternating logistic regression (ALR) (18) . In ALR, a population mean (independent variables predicting a binary dependent variable) and correlations between observations (clustering of the dependent variable) are estimated simultaneously. ALR is essentially an extension of generalized estimating equations in which pairwise odds ratios (PORs) are produced to describe the within-cluster correlation while estimating the effect of covariates on the outcome. Because the first 2 births per individual (sorted by parity), were considered, each sibling-pair combination yielded 2 withinperson PORs and 4 within-sibling PORs. Because these separately estimated PORs were not found to be significantly different from each other for any of the sibling-pair combinations, this model structure could be further simplified to 1 POR for each cluster. We thus estimated the familial risks or clustering in full-and half-siblings from intact couples, mothers with a new partner, and fathers with a new partner, as well as in cousins joined by sisters, brothers, and sisterbrother pairs, with the ability to adjust simultaneously for covariates that might explain some of the familial clustering (e.g., maternal age, parity, education, prepregnancy body mass index, and fetal gender). The ALR models were run using SAS, version 9.2, software (SAS Institute, Inc., Cary, North Carolina). The initial analyses were restricted to those with complete information on all covariates. After finding only 1 covariate (parity) influencing the estimates of familial clustering, we reran analyses on a sample that included all clusters in which data on gestational age and parity were available. This sample was further used to estimate the genetic and environmental contributions to the variation in postterm birth.
Generalized linear mixed models allowed for the total variance in postterm birth to be separated into maternal and fetal genetic effects, maternal environment, sibling environment, and residual variance (19) . The effects that were estimated and the expected genetic and environmental correlations in liability for these effects assumed in the model are presented in Table 1 . Parents may genetically influence the initiation of parturition through their contribution to the fetal genome, and familial clustering of postterm birth can thus be due to fetal genes (the fetal genetic correlation being 0.5 between full siblings, 0.25 between half-siblings, and 0.125 between cousins) ( Table 1) . Maternal genes may additionally act through their influence on the mother's capacity to carry a pregnancy (maternal genetic correlation being 0.5 in cousins joined by sisters and 1.0 in successive pregnancies of the same mother). Variance components were modeled as random effects in a probit model and assumed normal with a mean of 0 and variances V mg (maternal genetic), V f (fetal genetic), V me (maternal environment), V s (sibling environment), and V e (residual variance), respectively. This corresponds to a liability-threshold model in which every birth has an unobserved liability to be postterm but only births with liability higher than a specific threshold are in fact postterm. It is the variance in this underlying liability that is partitioned in different components. The liability is assumed possible to transform to a normal distribution with an arbitrary scale. By setting V e equal to 1 − V mg − V f − V me − V s , we modeled the liability as a standard normal distribution with the variance estimates directly corresponding to variance proportions. Having found a modest influence of parity on the estimates of familial clustering by using ALR, we also estimated variance components including parity as a fixed effect classified as first, second, or subsequent birth. (Because only the first 2 livebirths were selected, the majority represented first and second parity, and the difference in prevalence of postterm birth between primiparas and multiparas did not vary with the birth order of the multiparas.) Generalized linear mixed models were run using R statistical software (R Foundation for Statistical Computing, Vienna, Austria).
RESULTS
Twenty-one percent of all livebirths occurred after 41 completed weeks of gestation, and 5.5% occurred after 42 completed weeks of gestation. Table 2 presents the distributions of pregnancy characteristics in the population and their effects on the odds of postterm birth. Maternal age, prepregnancy body mass index, and education level were all positively associated with odds of postterm birth, as were primiparity (first-time pregnancy) and pregnancy with a male fetus. 
In the ALR analyses of familial clustering, only parity affected the PORs. Table 3 shows crude and parity-adjusted PORs resulting from ALR based on all sibling pairs with information on gestational age and parity (n = 475,422).
The highest odds increase of postterm birth was seen when couples with previous postterm birth (odds ratio (OR) = 4.4, 95% confidence interval (CI): 4.1, 4.6) were compared with couples with no previous postterm birth. Changing partners between pregnancies attenuated the odds increase slightly for women (OR = 3.4, 95% CI: 2.9, 3.9) but not for men (OR = 1.1, 95% CI: 0.9, 1.4). Recurrence of postterm birth in intact couples could be due to fetal, maternal genetic, and/or shared "couple" environment, while recurrence after partner change may reflect unique maternal and paternal influences (through genes or unique environment, respectively). The higher odds increase seen in women compared with men after partner change could indicate a stronger maternal influence on the risk of postterm birth. However, the lower odds ratio for women changing partners compared with those who do not change partners also suggests a paternal influence (contributing to the fetal genetic effect or the couple environment).
Sisters of women with a postterm birth were also at increased odds of delivering postterm when compared with sisters of women without a postterm birth (OR = 1.8, 95% CI: 1.6, 2.0). The corresponding odds increases in brother pairs and brother-sister pairs were much lower (OR = 1.1, 95% CI: 1.0, 1.3, and OR = 1.2, 95% CI: 1.1, 1.3, respectively). Inclusion of births occurring in the 42nd week of pregnancy produced overall similar effects estimated with increased statistical precision. As a consequence, the odds increase in men who changed partners was significant (OR = 1.2, 95% CI: 1.1, 1.3), as was the odds increase among brother pairs (OR = 1.1, 95% CI: 1.1, 1.2) ( Table 3) . Finding more clustering in sister pairs compared with brother pairs and brother-sister pairs further suggests a maternal influence on the risk of postterm birth through genes and/or a maternal-specific environment shared by sisters. Clustering in brother-sister pairs could indicate some influence from shared sibling environment or genetic influence transmitted from both mother and father, while clustering in brother pairs reflects shared brother environment or paternal genetic influence (expressed as part of a fetal genetic effect).
Decomposing the variance in postterm birth by using generalized linear mixed models showed that nearly half of the variation in postterm birth could be attributed to genetic factors (Table 4) . Fetal genetic effects explained 26% (95% CI: 13, 35) and maternal genetic effects explained 21% (95% CI: 16, 26) of the variation. With nearly no contribution from shared environment (maternal environment explained only 2% of the variation, 95% CI: 0, 7), approximately half of the variation in postterm birth could not be explained by shared factors. These estimates were largely unchanged after inclusion of births occurring in the 42nd week of pregnancy (Table 4) .
DISCUSSION
Findings from this large population-based study confirm previously reported findings of familial clustering of postterm birth within individual women (8) (9) (10) (11) and within twin pairs (12) . We found that nearly half of the variation in postterm birth could be attributed to genetic effects, with the greatest contribution from fetal genetic effects. As the remaining half of the variation could not be explained by shared factors, the familial recurrence of postterm birth was largely attributed to genetic effects and not to shared environment.
The genetic influence estimated in this study is larger than that previously reported for postterm birth among Danish twins (12) and for gestational age in a parent-offspring study conducted in Norway (13) . This discrepancy could be the result of a greater degree of misclassification of postterm birth in the previous studies. The expected overestimation of gestational age by the last menstrual period compared with dating by ultrasonography (20) might also explain the prevalence of postterm birth among Danish twins, which was 2 times higher than we observed in our Swedish population-based sample. The resulting misclassification could, if not correlated within families, lead to an underestimation of familial clustering. It is further possible that the genetic influence on the initiation of parturition increases throughout gestation. The observed discrepancy in heritability estimates for postterm birth could then potentially be in part qualitative because of the inadvertent inclusion of term births in the Danish study.
Further indications that the regulation of initiation of parturition may differ throughout gestation come from decomposition of the genetic influence into fetal and maternal genetic effects. To our knowledge, such decomposition has been reported previously for preterm birth (21) and gestational age (13) but not for postterm birth. We found, contrary to previous findings, fetal genetic effects to be the largest contributors to the genetic liability for postterm birth, explaining 26% of the variation compared with 21% of the variation explained by maternal genetic effects. When contrasted with findings for gestational age and preterm birth, fetal genetic influence on the initiation of parturition appears to increase throughout gestation. We have previously reported that maternal genes seem to dominate the genetic influence on preterm birth in the Swedish population (25% maternal genetic vs. 5% fetal genetic effects). In contrast, 2 population-based Norwegian studies place equal importance on fetal and maternal genetic effects for normal-range gestational ages (13, 22) . One of these studies also showed that the fetal genetic effect decreased when preterm births were included (13) . The findings thus indicate that the genetic influence on the initiation of parturition may differ for preterm, term, and postterm births. Maternal genes can influence parturition both by contributing to the genome of the fetus and by the influence on the capacity to carry a pregnancy (e.g., maternal body size, uterine function, and intrauterine environment), whereas paternal genes act only through the fetus (by contributing to approximately half of the fetal genetic effect). Either of the parents' genes could also be preferentially expressed through imprinting mechanisms. The parent-offspring conflict theory stipulates that paternally imprinted genes aim to optimize the outcome for the fetus ( predominantly through fetal growth, but potentially also by maintained pregnancy), whereas maternally imprinted genes aim to balance the success of the fetus with maternal survival and continued reproductive capacity (23) . In the quantitative genetic studies described here, the relative contributions of maternal and paternal imprinting to the fetal genetic effect cannot be separated. Whether a reflection of paternal imprinting or not, an increasing influence from fetal genetic factors as pregnancy progresses indicates an important role for paternal genes in postterm birth.
Interestingly, we also observed clear differences in the influence of shared environment on the initiation of parturition between the studies of preterm and postterm birth. In the preterm birth study, 18% of the variation could be explained by the shared couple environment (21) . The corresponding effect (sibling environment when kinship is defined at the offspring level instead of at the parental level) for gestational length was estimated at 13% and increased slightly with the inclusion of preterm births (13) .
For postterm birth, there did not appear to be any considerable influence from shared environment. Shared maternal environment during pregnancy may include lifestyle factors such as diet, smoking, and socioeconomic status. However, it appears as though these factors no longer influence the initiation of parturition for pregnancies that extend beyond term. A decreasing influence from shared environment with increasing duration of pregnancy might be a consequence of selection. Exposure to environmental triggers (e.g., pathogens) throughout gestation may cause susceptible or vulnerable pregnancies to terminate (some preterm), and the resulting selection process will lead to an overrepresentation of more resistant pregnancies toward term and beyond. This could explain why shared environment does not appear to have any influence on the risk of postterm birth. A more speculative explanation could be that environmental factors shared by couples who are prone to preterm birth are qualitatively different from those of couples who are prone to postterm birth. This is a large population-based sample with estimates of gestational age predominantly based on ultrasonographic pregnancy dating (17) . Because both gestational age determination and obstetrical practice have changed over time (resulting in fewer postterm births because of less overestimation of gestational age as well as increasing surveillance and induction of labor in cases of prolonged pregnancy), comparisons across generations may be problematic. This study compared recurrence in the same generation of siblings and couples, thus limiting the potential influence of cohort effects. The ultrasonography used for pregnancy dating in the current study was predominantly performed between weeks 16 and 20; however, gestational age determination by ultrasonography is most reliable in the first trimester (before week 13) (24) . The resulting potential misclassification of gestational age could be systematic with respect to sex (because of sex differences in fetal growth appearing as early as the first trimester (25)), and this could (in part) explain the overrepresentation of male fetuses among postterm births seen in this and other studies (26, 27) . The present results include all livebirths, irrespective of initiation of labor (spontaneous or induced) or mode of delivery (vaginal or cesarean). It is possible that some of the births induced before the postterm cutoff could have become postterm had they not been induced; thus, the potential outcome had they not been induced is unobserved. Excluding all births induced before the postterm cutoff (whether at 41 or 42 completed weeks) nevertheless had little influence on the variance component estimates (results not shown).
Taken together, these findings indicate that the regulation of initiation of parturition is different at different stages of gestation. This does not, however, preclude a common genetic predisposition to a certain duration of gestation, which may be modified by environmental factors. Such a model could explain the observed differences, with susceptible pregnancies ending prematurely and unexposed and resistant pregnancies continuing until term. Why some women "fail" to enter labor at term may further be a result of the selection of resistant pregnancies and/or the physiological inability or decreased ability of some women to successfully initiate labor. Potential identification of these 536 Oberg et al.
women could be of great importance for clinical decision making about monitoring, labor induction, and choice of delivery mode.
